Edited by George N. DeMartino Autophagy, a pathway for bulk protein degradation and removal of damaged organelles, represents one of the major responses of cells to stress, thereby exerting a strict control on their correct functioning. Consequently, this process has been involved in the pathogenesis and therapeutic responses of several human diseases. Mitogen-activated protein (MAP) kinase 15 (MAPK15) is an atypical member of the MAP kinase family that recently emerged as a key modulator of autophagy and, through this, of cell transformation. Still, no information is available about signaling pathways mediating the effect of MAPK15 on this process, nor is it known which phase of autophagosome biogenesis is affected by this MAP kinase. Here, we demonstrate that MAPK15 stimulated 5-AMP-activated protein kinase-dependent activity of UNC-51-like kinase 1 (ULK1), the only protein kinase among the ATG-related proteins, toward downstream substrates and signaling intermediates. Importantly, MAPK15 directly interacted with the ULK1 complex and mediated ULK1 activation induced by starvation, a classical stimulus for the autophagic process. In turn, ULK1 and its highly homologous protein ULK2 are able to transduce MAPK15 signals stimulating early phases of autophagosomal biogenesis in a multikinase cascade that offers numerous potential targets for future therapeutic intervention in cancer and other autophagy-related human diseases. This article contains Figs. S1-S3.
Eukaryotic cells are constantly subjected to changes in their micro-environmental conditions. Therefore, they continuously need to adapt to such changes to optimize their survival strategies through the concerted action of different cell-response pathways, whose role is either to allow cells to adapt to novel external conditions or to commit to suicidal mechanisms, when excessively damaged. A key mechanism involved in adaptation to stress is macro-autophagy (hereafter autophagy), an intracellular pathway for bulk protein degradation and removal of damaged organelles (1) . Based on its functions, autophagy allows survival in conditions of cellular stress and exerts a strict control on the correct functioning of proteins or even entire organelles. Indeed, it constantly participates in metabolic functions of the cells by eliminating old and damaged organelles, such as mitochondria, and in very basic decisions such as growing and dividing or dying (2) . As one of the major responses to cell stress, it is not a surprise that autophagy has been implicated in several pathological conditions such as infections, neurodegenerative diseases, and cancer (3) . Several stress-signaling cascades impinge on the activation of the ULK1 (in mammals; Atg1 in yeast) multiprotein complex that participates in the very early phases of autophagosome formation (4) and coordinates the autophagic response to face such stimuli (5) . The human ULK1 complex consists of the ULK1 protein kinase itself, the FIP200 (i.e. focal adhesion kinase family kinase interacting protein of 200 kDa) scaffold, and the autophagy-related proteins 13 (ATG13) and 101 (ATG101) (6) . Importantly, mammals have four ULK1 homologs, with ULK2 showing the most extensive conservation and partial functional redundancy to ULK1 in the control of conventional autophagy (4) .
MAPK15 is an atypical member of the MAP 4 kinase family (7) , whose increased expression has been recently correlated with malignant transformation of human gastric mucosa (8) and male germ cell tumors (9) . Furthermore, its activity is modulated by relevant human oncogenes (10, 11) and is required for transformation sustained by human colon cancer (12) and chronic myeloid leukemia (CML) cells (10) . Interestingly, MAPK15 is also required for proliferating cell nuclear antigen protein stability (13) , for controlling reactive oxygen species generation (9) , and for telomerase activity (14) , whereas its activity and expression are also regulated by DNA damage (15) , thus possibly contributing to the maintenance of genomic integrity.
The best-characterized stimulus of autophagy is nutrient deprivation. We have already shown that MAPK15 (ERK8 and ERK7) is able to control autophagy induced by starvation (16) . Importantly, we have demonstrated that MAPK15 ability to control autophagy is key for CML and embryonic carcinoma tumor cells to induce in vivo tumor formation (9, 10) .
Results

MAPK15 controls phosphorylation of the ULK1 protein
ULK1 is an extensively phosphorylated protein regulated by nutrient cellular status through mTOR and AMPK kinases (6) . The ULK1 complex integrates a multitude of pathways converging on its phosphorylation that, in turn, initiate autophagy in response to appropriate stimuli. We therefore asked whether MAPK15, a known regulator of the autophagic process (16) , could induce ULK1 activation by impinging on its phosphorylation. As multiple phosphorylation sites have already been described for ULK1 (17, 18) , we first decided to use consensusindependent anti-phosphoserine or anti-phosphothreonine antibodies to discriminate general changes in ULK1 phosphorylation induced by MAPK15. We therefore cotransfected, in HEK293T cells, MAPK15 and a FLAG epitope-tagged ULK1 protein and, upon immunoprecipitation with anti-FLAG antibodies, observed a strong increase of ULK1 Ser/Thr phosphorylation, in these experimental conditions (Fig. 1A) . Importantly, a MAPK15 kinase-dead (MAPK15 KD ) mutant was unable to induce ULK1 Ser/Thr phosphorylation while being expressed at comparable levels as the MAPK15 WT (MAPK15 WT ) protein ( Fig. 1A) , supporting the specificity of our approach. As a further control, we also cotransfected MAPK15 with FIP200 (a component of the ULK1 complex) and VPS34 (a class III phosphatidylinositol 3-kinase also controlling autophagy) FLAG epitope-tagged proteins and demonstrated that in both cases their phosphorylation was unaffected by MAPK15 under our experimental conditions ( Fig. 1B and Fig. S1A ).
A number of post-translational modifications, mostly phosphorylations able to modify the activity of the ULK1 complex, have been described in the last few years (4) . Most of these modifications act in specific contexts, regulating the kinase activity, the binding partners, and integrating different signaling pathways (5) . Nonetheless, we are still far from a clear view of the overall status of phosphorylation of ULK1 and of the synergistic effect of all such modifications (19) . To gain insight about the positive or negative role of the observed MAPK15dependent phosphorylation of ULK1 in the context of the autophagic process, we next compared it with well-established inducers of autophagy, such as starvation and Torin1 (an mTOR inhibitor and inducer of autophagy (20) ). Both these treatments strongly increased ULK1 phosphorylation, as detected by our anti-phospho-Ser/Thr antibodies, at levels comparable with MAPK15 overexpression (Fig. 1C) , thereby suggesting an overall positive connection with such posttranslational modification. Based on these results and on our previous demonstration that starvation requires endogenous MAPK15 expression and activity to induce autophagy (16), we next asked whether endogenous MAPK15 was also required for starvation-dependent increase of ULK1 phosphorylation. Interestingly, two already characterized MAPK15-specific unrelated siRNAs (9, 10, 16) strongly reduced ULK1 phosphorylation induced by starvation ( Fig. 1D and Fig. S1B ). Overall, our results strongly suggest that MAPK15 may take advantage of an ULK1-dependent pathway to control the autophagic process.
MAPK15 stimulates AMPK-dependent ULK1 activity
Once activated, ULK1 transduces cellular signals to downstream events by phosphorylating effector proteins involved in autophagy, i.e. BECN1 (21) , p62 (22) , and ATG101, FIP200, and ATG13 (23). Among them, in a stable isotope labeling by amino acids in cell culture MS experiments, ULK1 was found to phosphorylate human ATG13 at Ser 318 in a manner dependent on the Hsp90 -Cdc37 chaperone complex (24) . Therefore, we took advantage of a commercially available anti-ATG13-pSer 318 antibody to demonstrate the ability of MAPK15 for stimulating ULK1 activity by scoring ULK1 phosphorylation of one of its endogenous direct substrates. Indeed, MAPK15 induced an increase in ULK1-dependent ATG13-pSer 318 phosphorylation ( Fig. 2A ). Interestingly, MAPK15 KD not only was unable to induce ATG13 phosphorylation, but also reduced basal ULK1dependent phosphorylation ( Fig. 2A ), suggesting a dominantnegative effect possibly based on direct protein-protein interaction. Importantly, these data supported a stimulatory role for MAPK15 on ULK1 kinase activity and therefore on its downstream signaling pathways.
Under glucose starvation, AMPK promotes autophagy by directly activating ULK1 through phosphorylation of several residues, including Ser 317 (4) . We therefore hypothesized that MAPK15 could take advantage of this pathway to control autophagy. Therefore, we used a commercially available anti-ULK1-pSer 317 antibody as a readout to ascertain whether MAPK15 was able to stimulate AMPK-dependent ULK1 activity, in the context of the autophagic process. Specifically, we first confirmed that endogenous MAPK15 was specifically impinging on AMPK-dependent Ser 317 phosphorylation of ULK1 by an siRNA approach (Fig. 2B ). Next, we overexpressed MAPK15 and scored endogenous anti-ULK1-pSer 317 protein levels also in presence of a specific AMPK inhibitor. Indeed, MAPK15 overexpression was able to induce ULK1-activating phosphorylation at levels comparable with starvation, our positive control, while increasing amounts of the AMPK inhibitor SU6656 (25) , and strongly inhibited MAPK15-dependent phosphorylation of Ser 317 in ULK1 ( Fig. 2C ), thus confirming the involvement of AMPK in mediating MAPK15-dependent ULK1 phosphorylation. Importantly, we specifically avoided using the classical AMPK inhibitor, compound C, in this context because of its ability to also inhibiting MAPK15 with greater potency (25) .
MAPK15 is part of the ULK1 complex and localized onto autophagosomes
In mammals, ULK1 (and ULK2) may exist in different complexes depending on the metabolic status of the cell and the specific functions, canonical (i.e. autophagy) or noncanonical, with which they participate (26) . Based on the role of MAPK15 in autophagy (16) and in regulating ULK1 activity (see above), we sought to investigate the possibility of a direct interaction of this MAP kinase with the ULK1 complex, already involved in controlling the autophagic process (6) . To establish an interaction between the two endogenous proteins, we first immunoprecipitated MAPK15 from human 293T cells and next blotted for ULK1 protein, demonstrating coimmunoprecipitation in MAPK15 controls autophagy through the ULK complex human cells ( Fig. 3A , left panels). As our antibody only recognizes the human protein, as an additional negative control we also performed the same approach in mouse NIH3T3 cells and, as expected, we could detect no relevant coimmunoprecipitation ( Fig. 3A, left panels) . Importantly, we also showed that the ULK1 protein could be detected in total lysates of both human and mouse cells, whereas MAPK15, as expected, could be detected only in total lysates of human 293T cells ( Fig. 3A , right panels). Also, we next demonstrated that such interaction was not affected by MAPK15 kinase activity as an epitope-tagged ULK1 protein could similarly coimmunoprecipitate both MAPK15 WT and a MAPK15 KD mutant ( Fig. 3B ), also explaining the ability of the kinase-dead mutant to act as a dominantnegative protein able to inhibit ULK1 basal activity (see Fig. 2A ). As ULK1 regulates autophagy as part of a multiprotein complex containing also ATG13, FIP200, and ATG101, we next sought A, HEK293T cells were transfected with plasmid encoding for ULK1-FLAG in combination with HA-MAPK15 WT , HA-MAPK15 KD , or the empty vector. After 24 h, total lysates were subject to anti-FLAG immunoprecipitation (IP) and analyzed by Western blot (WB) analysis (n ϭ 3). ULK1 was analyzed for threonine phosphorylation levels, and scores were plotted on the corresponding graph (lower panels, n ϭ 3). B, HEK293T cells were transfected with different plasmid encoding for VPS34, ULK1, or FIP200 FLAG-tagged proteins in combination with HA-MAPK15 or the empty vector. After 24 h, total lysates were subject to anti-FLAG immunoprecipitation and analyzed by Western blot analysis (n ϭ 3). C, HEK293T cells were transfected with plasmid encoding for ULK1-FLAG in combination with HA-MAPK15 or the empty vector. After 24 h, cells were incubated in full medium, starvation medium (10 -60 min), or 250 nM Torin1 (2 h). Total lysates were subject to anti-FLAG immunoprecipitation and analyzed by Western blot analysis (n ϭ 3). ULK1 was analyzed for threonine phosphorylation levels, and scores were plotted on the corresponding graph (lower panel, n ϭ 3). D, HEK293T cells were transfected with MAPK15 siRNA (siMAPK15) or SCR siRNA (siSCR) and, after 48 h, further transfected with plasmid encoding for ULK1 FLAG or the empty vector. After 24 h, cells were incubated in full medium or starvation medium (60 min). Total lysates were subject to anti-FLAG immunoprecipitation and analyzed by Western blot analysis (n ϭ 3).
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to confirm the interaction of MAPK15 with this specific complex by cotransfecting the MAP kinase with each single FLAGtagged recognized component, and we proceeded to coimmunoprecipitation by using a FLAG antibody. This approach clearly showed that not only ULK1 but also ATG13 and ATG101 were coimmunoprecipitated by MAPK15 ( Fig. 3C ), supporting the possibility that this kinase must physically colocalize with the "ULK complex" to stimulate its enzymatic activity upon transduction of upstream stimuli. To further verify this idea, we next examined cellular localization of MAPK15 and ULK1 to autophagosomal compartments. Interestingly, the two kinases colocalized onto GABARAP-positive autophagosomal vesicles ( Fig. 3 , D-F), confirming our previous hypothesis.
ULK1 and ULK2 mediate MAPK15-dependent stimulation of the autophagic process
MAPK15 activity positively regulates autophagy and is necessary for starvation-dependent induction of this process (16) . Based on the key role of ULK1 and of its ULK2 homologous protein in autophagy and on our previously described results, we next investigated the possibility of a direct role for both these proteins in mediating MAPK15 signaling to autophagy. Specifically, we decided to interfere with endogenous ULK1 and ULK2 expression by using a classical siRNA-mediated approach.
Indirect immunofluorescence microscopy, scoring the formation of punctate intracellular vacuoles stained for LC3B, is a key assay to monitor autophagy and to understand its dynamics (27) . Therefore, we performed indirect immunofluorescence analysis in HeLa cells overexpressing MAPK15, aimed at scoring an increase in the number of vesicles positive for endogenous LC3B. Importantly, such an approach was performed both in basal conditions and upon treatment with an inhibitor of lysosomal proteases, bafilomycin A1 (BAF), to appreciate autophagic flux in these cells (27) . C, HeLa cells were transfected with plasmid encoding for HA-MAPK15 or the empty vector (Ϫ). After 24 h, cells were treated for 1 h with increasing concentrations of the SU6656 AMPK inhibitor, as indicated. Starved, positive control, cells were incubated in starvation medium for 60 min at 24 h after transfection with an empty vector. Total lysates were analyzed by Western blot analysis (left panel). Endogenous ULK1 was analyzed for phosphorylation (Ser 317 ) and total levels. HA-MAPK15 and MAPK1 levels were also analyzed by Western blotting for normalization purposes.
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Yellow line pixels Fig. S3 ) more limitedly impaired MAPK15 induction of autophagy (from 42 and 56% for siULK1 and siULK2, respectively, to 28% for combined siULK1/siULK2 treatment). To confirm these results, we also took advantage of a different LC3B-based assay used to score autophagy, i.e. Western blot analysis of the amount of the lipidated, autophagosome-associated form of LC3B (LC3B-II). Indeed, the combined use of anti-ULK1 and anti-ULK2 siRNA in cells in basal conditions or treated with BAF also strongly reduced MAPK15dependent autophagic flux (Fig. 4D) .
To further confirm these results and to expand their biological significance also with a different marker of autophagic vesicles, we used SQSTM1/p62, which, in HeLa cells, shows a cytoplasmic distribution in basal conditions, and although degraded at an increased rate, it is re-localized to autophagic vesicles upon activation of autophagy (16) . Indeed, MAPK15 also led to an increase in the number of SQSTM1-positive puncta, which, in turn, diminished upon contemporary downregulation of ULK1 and ULK2 by specific siRNA (Fig. 5 ).
Ultimately, we sought to confirm these data also by using a pharmacological approach. To this aim, we took advantage of an available drug, SBI-0206965, which inhibits both ULK1 and ULK2, with IC 50 of 108 and 711 nM, respectively (23), and we used it to score the contribution of these two kinases in the induction of autophagic flux by MAPK15. Indeed, we demonstrated that the ULK1/2 inhibitor efficiently reduced MAPK15-dependent autophagic flux by using both the LC3B-II Western blotting detection assay ( Fig. 6A ) and the immunofluorescence-based assay detecting the number of autophagosomal vesicles (Fig. 6B ). Overall, our data therefore demonstrate that MAPK15 requires endogenous ULK1 and ULK2 proteins to stimulate activation of cellular autophagic machinery.
MAPK15 controls early phases of autophagosomal biogenesis through ULK1/2
Although we have clearly demonstrated that MAPK15 controls the rate of autophagic flux in cells in response to starvation (16) , as well as in human oncogenes (10) , no information is yet available about the specific phase of autophagosomal biogenesis affected by this MAP kinase.
In mammals, the ATG12-ATG5-ATG16L complex predominantly localizes to the outer surface of the isolation membrane, where it is essential for determining the site of LC3 lipidation and for its proper elongation, ultimately dissociating from the membranes at the completion of autophagosome formation (1) . Importantly, ATG12 and ATG5 are covalently conjugated to each other thanks to the ubiquitin-like reaction requiring ATP and ATG7 (E1-like) and ATG10 (E2-like) enzymes (1) . We therefore decided to investigate whether MAPK15 is localized also onto early autophagosomal vesicles, and whether it may take advantage of ULK1 and ULK2 to stimulate initial phases of their biogenesis. Indeed, MAPK15 colocalized with ATG12 on these vesicles (Fig. 7A) , supporting a role for this MAP kinase in the initial phases of autophagy. Next, we also sought to collect functional data supporting the interaction of MAPK15 with the biogenesis of autophagosomes. Specifically, we evaluated the effects of MAPK15 overexpression on the protein levels of endogenous ATG12-ATG5 complexes, which represent a measure of the formation of early-stage autophagosomes, as already demonstrated in our laboratory (28) . With this approach, we demonstrated that levels of the ATG12-ATG5 complex increased, in full medium and starvation conditions, upon MAPK15 overexpression, whereas two mutants, MAPK15 KD and MAPK15 AXXA (specifically affecting the ability of this kinase of inducing autophagy without disturbing its kinase activity) (16) , prevented starvation-dependent induction of early autophagosomal biogenesis ( Fig. 7B) , supporting a role for MAPK15 in this early autophagy step. Also, ULK1 and ULK1 KD (kinase-dead mutant) were used as positive and negative controls, respectively, confirming the specificity of our experimental approach.
Next, in line with our results, we showed that down-regulation of ULK1 and ULK2 by specific siRNA consistently reduced MAPK15-dependent ATG12-ATG5 accumulation both in full medium and in starvation conditions (Fig. 7C) , supporting the role of these kinases in mediating the control of MAPK15 on early autophagosome biogenesis. As a control, also in this case MAPK15 KD prevented starvation-dependent induction of early autophagosomal biogenesis (Fig. 7C ).
Based on ATG12-ATG5 localization on isolation membranes, puncta formed by these endogenous protein conjugates, detected by immunofluorescence, can be used to monitor the specific formation of early autophagosomal membranes (27) . We therefore monitored the formation of ATG12 puncta in full medium and upon serum starvation, a stimulus for early autophagosomal biogenesis (28) , and as shown above, we demonstrated that these vesicles strongly increased upon MAPK15 overexpression in both conditions (Fig. 8) . Ultimately, this approach also allowed us to confirm the role of ULK1 and ULK2 Figure 3 . MAPK15 participates in the ULK1 complex. A, HEK293 and NIH3T3 were harvested and lysed in 1% Nonidet P-40 lysis buffer. The proteins (10 mg per sample) were then subjected to immunoprecipitation (IP) with isotype control IgG (IgG) or MAPK15-specific antibody (custom preparation). Total lysates and immunoprecipitated complexes were subjected to Western blotting (WB) to detect endogenous ULK1 and MAPK15 protein levels. Representative images from three different experiments are shown (n ϭ 3). B, HEK293T cells were transfected with plasmid encoding for ULK1-FLAG in combination with HA-MAPK15 WT , HA-MAPK15 KD , or the empty vector. After 24 h, total lysates were subject to anti-FLAG immunoprecipitation and analyzed by Western blot analysis (n ϭ 3). C, HEK293T cells were transfected with different plasmids encoding for FLAG-tagged ULK1, ATG13, FIP200, or ATG101 proteins in combination with HA-MAPK15 or the empty vector. After 24 h, total lysates were subject to anti-FLAG immunoprecipitation and analyzed by Western blot analysis (n ϭ 3). D, HeLa cells stably expressing EGFP-GABARAP were transfected with HA-MAPK15 and ULK1-FLAG plasmids and subjected to immunofluorescence analysis after 48 h. Representative images are from three different experiments (n ϭ 3). EGFP-GABARAP is visualized in green, ULK1-FLAG in red, and HA-MAPK15 in blue (upper panels). White squares indicate zoom areas. Scale bars, 10 m. E, colocalization rate was measured by LAS AF (Leica Microsystem) software, analyzing single cells that express both MAPK15 and ULK1 in addition to EGFP-GABARAP. Thresholds were set at 20% for each channel as suggested from the manufacturer's protocol. Reciprocal colocalization rate between ULK1 and GABARAP, ULK1 and MAPK15, and GABARAP and MAPK15 were evaluated. Measures were obtained by analyzing at least 100 cells/sample from three different experiments. F, colocalization spots were analyzed for fluorescent signal intensity for each channel; the yellow line indicates the measured points on the merged image. 
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in mediating MAPK15-dependent induction of early-stage autophagosomes as down-regulation of ULK1/2 by specific siRNA consistently reduced the number of ATG12 puncta induced by MAPK15, both in full medium and upon starvation ( Fig. 8 ).
Discussion
ULK1 (and ULK2, where functional redundancy has been demonstrated), in complex with ATG13, FIP200, and ATG101, acts as the enzymatic component of the ULK1 complex involved in autophagy, with different proteins necessary for the formation of the autophagosome already recognized as its substrates (21) (22) (23) (24) . Still, ULK1 itself is heavily phosphorylated, making this protein a key integration point for stimuli coming from different kinases, whose identity is just starting to be clar-ified (6, 29, 30) , but also increasing the difficulty of identifying a precise fingerprint of phosphorylated residues on ULK1 corresponding to its activation or inhibition. Here, we added MAPK15 to the list of proteins regulating ULK1 activity and, based on the recently established role of this MAP kinase in cell transformation (8 -12) , better defined a new signaling pathway whose modulation by pharmacological inhibitors hold promises for future innovative therapeutic approaches to cancer. This is particularly important, as autophagy has been repeatedly implicated in cancer development and its response to therapy, giving an advantage to cancer cells to survive drug treatment (31) . For this reason, pharmacological approaches able to inhibit autophagy are being actively investigated to enhance the efficacy of different cancer therapies, with hydroxychloroquine (HCQ), a very aspecific inhibitor of autophagy, representing the A, HeLa cells were transfected with ULK1 plus ULK2 siRNA (siULK1/ ULK2) or SCR siRNA (siSCR) and, after 48 h, further transfected with plasmid encoding for HA-MAPK15 or the empty vector. After 24 h, cells were incubated in full medium or with 100 nM BAF (1 h). Cells were fixed and labeled for endogenous LC3B (red) and for HA-positive cells (green) and counterstained with DAPI for nuclei (blue). Scale bars correspond to 7.5 m except for lower row in which they are 10 m. LC3B dots per cell were plotted on the graph (right panel, n ϭ 3) . B, HeLa cells were transfected with ULK1 siRNA (siULK1) or SCR siRNA (siSCR) and, after 48 h, further transfected with plasmid encoding for HA-MAPK15 or the empty vector. After 24 h, cells were incubated in full medium or with 100 nM BAF (1 h). Cells were fixed and labeled for endogenous LC3B (red) and for HA-positive cells (green) and counterstained with DAPI for nuclei (blue). LC3B dots per cell were plotted on the graph (n ϭ 3). Corresponding images are in Fig.  S2 . C, same as in B, but using ULK2 siRNA (siULK2) instead of siULK1. Corresponding images are in Fig. S3 . D, HeLa cells were transfected with ULK1 plus ULK2 siRNA or SCR siRNA and, after 48 h, further transfected with plasmid encoding for HA-MAPK15 or the empty vector. After 24 h, cells were incubated in full medium or with 100 nM BAF (1 h). Total lysates were analyzed by Western blot (WB) analysis for endogenous LC3B (n ϭ 3). LC3B-II levels were plotted on the graph (right panel, n ϭ 3) . 
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only clinically approved drug for this purpose to date. Unfortunately, even high doses of HCQ only produce modest inhibition of autophagy in vivo, making urgent the need for alternative drugs targeting this process (32) . Indeed, several pre-clinical studies have addressed this problem identifying more specific inhibitors for this process, with potential for cancer therapy. Among them, SBI-0206965 is indeed an ULK1/2 inhibitor and already showed to synergize with rapamycin in inducing tumor cell death (23) . Our demonstration that MAPK15 impinges on ULK1/2 activity therefore supports the possibility that inhibitors of this MAP kinase may successfully perform, alone or in combination with other approaches, as specific inhibitors of autophagy in cancer therapy. Indeed, we have already demonstrated that MAPK15 mutants specifically lacking their ability of stimulating autophagy (but maintaining their kinase activity) impair proliferation of embryonic carcinoma and leukemic MAPK15 controls autophagy through the ULK complex cells (9, 10), and we are actively pursuing the search for specific MAPK15 inhibitors (33) .
Recently, a novel role for ULK1 emerged in the regulation of the endoplasmic reticulum-to-Golgi secretory pathway (34, 35) . Specifically, in nutrient-rich conditions (which inhibit autophagy), ULK1 binds SEC16A and phosphorylates it on Ser 846 , triggering COPII-dependent vesicle traffic (35) . Conversely, upon starvation, activation of MAPK15 negatively regulates the same SEC16A-dependent secretory pathway (35) while stimulating autophagy (16) through ULK1 (this paper), suggesting the possibility that MAPK15 may allow ULK1 to differentially regulate autophagy and secretion in normal or stressful conditions. Differential interaction of MAPK15 with the ULK complexes controlling autophagy or secretion may actually represent an intriguing hypothesis to explain the switch between the different ULK1 functions.
Overall, we ultimately expect that inhibition of MAPK15 may actually be extremely beneficial in cancer therapy for its potential to affect both general and selective autophagy, by taking advantage of specific tumor vulnerabilities based on the addiction of cancer cells on these stress-response mechanisms for survival (36) .
Experimental procedures
Reagents and antibodies
Bafilomycin A 1 (Santa Cruz Biotechnology, sc-201550), Torin1 (LC Laboratories, T-7887), SBI-0206965 (Selleckchem, S7885), and SU6656 (Sigma, S9692) were dissolved in DMSO (Sigma, D8418). For Western blot analysis, the following primary antibodies were used: anti-FLAG (Sigma, F1804); anti-HA (Covance, MMS-101R); anti-MYC (Covance, MMS-150R); anti-LC3B (Nanotools, 0231-1000); anti-MAPK15 (custom preparation (39)); anti-GABARAP (MBL, M135-3); anti-SQSTM1/p62 (BD Biosciences, 610833); anti-phosphothreonine (Cell Signaling, 9386); anti-phosphoserine/threonine (Qiagen, 37430); anti-phospho-ULK1 Ser 317 (Cell Signaling, 12753); anti-ULK1 (Santa Cruz Biotechnology, sc-33182); anti-phospho-ATG13 Ser 318 (Rockland, 600-401-C49); anti-ATG13 (Rockland, 600-401-C50); anti-ATG12 (Cell Signaling Technology, 2010); anti-ATG5 (Sigma, A0731); and anti-MAPK1/ERK2 (Santa Cruz Biotechnology, sc-154). For confocal immunofluorescence microscopy experiments, the following primary antibodies were used: anti-HA (Roche Diagnostics, 11867423001); anti-MAPK15 (custom preparation) (37); anti-FLAG (Sigma, F1804); anti-LC3B (MBL, M152-3); anti-SQSTM1/p62 (BD Biosciences, 610833); and anti-ATG12 (Cell Signaling Technology, 2010). The following secondary antibodies were used for Western blotting experiments: anti-mouse (Santa Cruz Biotechnology, sc-2004) and anti-rabbit (Santa Cruz Biotechnology, sc-2005) horseradish peroxidase-conjugated IgGs. The following secondary antibodies were used for confocal microscopy experiments: anti-mouse Alexa Fluor 488-conjugated (Life Technologies, Inc., A21202); anti-rabbit Alexa Fluor 488-conjugated (Life Technologies, Inc., A21206); anti-mouse Alexa Fluor 555-conjugated (Life Technologies, Inc., A31570); anti-rabbit Alexa Fluor 555-conjugated (Life Technologies, Inc., A31572); anti-rabbit Alexa Fluor 647-conjugated (Life Technologies, Inc., A31573); anti-rat Alexa Fluor 488-conjugated (Life Technologies, Inc., A11006); and anti-rat Alexa Fluor 594-conjugated (Life Technologies, Inc., A21209).
Cell culture and transfections
HEK293T and HeLa cells were maintained in full medium, composed of DMEM (PAA, E15-009) supplemented with 10% fetal bovine serum (PAA, A15-151), 2 mM L-glutamine, and 100 units/ml penicillin/streptomycin and cultured at 37°C in an atmosphere of 5% CO 2 /air. Hanks' medium (ECB4006L), used as starvation medium, was obtained from Euroclone, whereas DMEM (PAA, E15-009) supplemented with 2 mM L-glutamine and 100 units/ml penicillin/streptomycin and without FBS was used as serum starvation medium. For immunofluorescence experiments and Western blot analysis, 2 ϫ 10 5 cells were seeded in 6-well plates (or 6-cm dishes) and transfected with 1 g (200 g in 6-cm dishes) of each expression vector, using Lipofectamine LTX (Life Technologies, Inc., 15338500). All experiments were performed 24 -48 h after transfection. For confocal microscopy experiments, 24 h after transfection 2.5 ϫ 10 4 cells were seeded on coverslips placed in 12-well plates. HeLa cells stably expressing EGFP-GABARAP were generated by transfecting pCEFL EGFP-GABARAP in HeLa cells, selecting with 1.5 mg/ml G418 (Genespin, STS-G418), and screening positive clones by fluorescence microscopy.
Plasmids
HA-MAPK15 WT (pCEFL HA-MAPK15 WT ), HA-MAPK15 KD (pCEFL HA-MAPK15 KD ), HA-MAPK15 AXXA (pCEFL HA-MAPK15 AXXA ), EGFP-GABARAP (pCEFL EGFP-GABARAP), and empty vector (pCEFL) were previously described (16) . ULK1-MYC (pRK5 myc ULK1, Addgene 31961) (38), ULK1 WT -FLAG (p3ϫFLAG CMV14 FLAG ULK1, Addgene 24301) (39), ATG13-FLAG (p3ϫFLAG CMV10 FLAG ATG13, Addgene 22872) (39), VPS34-FLAG (pcDNA4 VPS34 FLAG, Addgene 24398) (40), FIP200-FLAG (p3ϫFLAG CMV10 FLAG FIP200, Addgene 24300) (41) , and ATG101-FLAG (p3ϫFLAG CMV10 FLAG ATG101, Addgene 22877) (42) were provided by Addgene as the kind gifts from the producing laboratories. After 48 h, cells were incubated for 4 h in full medium or serum starvation medium. MAPK15 (green) and ATG12 (red) were labeled to monitor their subcellular localization. Nuclei were visualized in blue. Colocalization is shown in yellow and indicated by white arrowheads. Reference bars correspond to 10 m. Representative images from three different experiments are shown (n ϭ 3). B, HeLa cells were transfected with plasmid encoding for ULK1 WT -FLAG, ULK1 KD -FLAG, HA-MAPK15 WT , HA-MAPK15 AXXA , HA-MAPK15 KD , or the empty vector. After 24 h, cells were incubated for 4 h in full medium or serum starvation medium. Total lysates were analyzed by Western blot (WB) analysis for endogenous ATG5 and ATG12 (n ϭ 3). ATG12 levels were plotted on the graph (lower panel). ATG5 levels were plotted on the graph (middle panel). C, HeLa cells were transfected with ULK1 plus ULK2 siRNA or SCR siRNA and, after 48 h, further transfected with plasmid encoding for HA-MAPK15 WT , HA-MAPK15 KD , or the empty vector. After 24 h, cells were incubated for 4 h in full medium or serum starvation medium. Total lysates were analyzed by Western blot analysis for endogenous ATG5 and ATG12 (n ϭ 3). ATG12 levels were plotted on the graph (lower panel). ATG5 levels were plotted on the graph (middle panel). 
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ULK1 KD -FLAG and ULK1 KD -MYC have been created by sitespecific mutagenesis of ULK1 WT -FLAG and ULK1 WT -MYC changing Lys 46 in Ile 46 , generating the kinase-dead ULK1 with K46I, as reported previously (43) .
RNAi
MAPK15-specific siRNA (target sequence for MAPK15_A siRNA 5Ј-GCTTGGAGGCTACTCCC-3Ј and for MAPK15_B siRNA 5Ј-GACAGATGCCCAGAGAACA-3Ј) and nonsilencing siRNA (scrambled, SCR; target sequence 5Ј-AATTCTC-CGAACGTGTCACGT-3Ј) were obtained from Qiagen. ULK1-specific siRNAs are ON-TARGET plus SMARTpool (Dharmacon, L-005049-00-0005) and ULK2-specific siRNAs were used as pool (Sigma, SASI_Hs01_00157141, SASI_Hs01_ 00157142, and SASI_Hs01_00157143). HeLa cells were transfected with siRNA at a final concentration of 50 nM using HiP-erFect (Qiagen, 301707), according to the manufacturer's instructions. Samples were analyzed, unless specified, 72 h after transfection.
Western blot analysis
Total lysates were obtained and treated as described previously. Briefly, washed cellular pellet fractions were resuspended in MAPK lysis buffer made of 20 mM HEPES (PAA, S11001), pH 7.5, 10 mM EGTA (Sigma, E4378), 40 mM ␤-glycerophosphate (Sigma, G6501), 1% Nonidet P-40 (Sigma, I3021), 2.5 mM MgCl 2 (Sigma, M2670), 2 mM orthovanadate (Sigma, S6508), 2 mM NaF (Carlo Erba, 7681494), 1 mM DTT (IBI, IB21040), and protease inhibitors mixture (Roche Diagnostics, 05056489001). Proteins were quantified by the Bradford assay, and before loading, 5ϫ Laemmli sample buffer was added to the lysates, which were next incubated for 5 min at 95°C. Alternatively, cells were directly lysed in 1ϫ Laemmli. Lysates were loaded on SDS-polyacrylamide gels, transferred to Immobilon-P polyvinylidene difluoride membrane (Millipore, IPVH00010), probed with the appropriate antibodies, and detected using enhanced chemiluminescence (ECL Prime; GE Healthcare, RPN2232). Images were then acquired with a LAS 4000 imager (GE Healthcare, Italy, Milan). Densitometric analysis of Western blottings was performed with ImageJ 1.43u (National Institutes of Health).
Immunofluorescence
Cells were cultured and treated as described previously. Briefly, they were washed with PBS, then fixed with 4% paraformaldehyde (Sigma, 47608) in 1ϫ PBS for 20 min, and permeabilized with 0.2% Triton X-100 (Sigma, T8787) for 10 min or 100 g/ml digitonin solution (Life Technologies, Inc., BN2006) for 20 min. Permeabilized cells were incubated with the appropriate primary antibodies for 1 h, washed three times with 1ϫ PBS, incubated for 30 min with appropriate secondary antibodies, and then washed again three times in 1ϫ PBS. Nuclei were stained with a solution of 1.5 M of 4Ј,6-diamidino-2-phenylindole (DAPI; Sigma, D9542) in PBS for 5 min. Coverslips were mounted in fluorescence mounting medium (Dako, S3023). Samples were visualized on a TSC SP5 confocal microscope (Leica Microsystems, Mannheim, Germany), installed on an inverted LEICA DMI 6000CS microscope (Leica Microsystems, Mannheim, Germany), and equipped with an oil immersion PlanApo 63 ϫ 1.4 NA objective. Images were acquired using the LAS AF acquisition software (Leica Microsystems).
Immunoprecipitations
Whole-cell lysates (500 g to 2 mg) were obtained by resuspending washed pellet fractions in the above-mentioned MAPK lysis buffer. Lysates were incubated with appropriate antibodies for 2 h at 4°C. Then, immunocomplexes were purified by incubating the lysates for 45 min with protein G Mag-Sepharose Xtra (GE Healthcare, 28-9670-70). After five washes, the immunocomplexes were resuspended in 2ϫ Laemmli buffer and subjected to Western blot analysis.
Dot count and statistical analysis
Dot counts for LC3B, SQSTM1, and AGT12 were performed with the Quantitation Module of Volocity software (Perkin-Elmer Life Sciences) and identifying specific fluorescence intensity range and size range (44) . Dot counts were subjected to statistical analysis. Measurements were obtained by analyzing at least 400 cells per sample from three different experiments. Intensitometric analyses of protein levels in immunoblots were performed with ImageJ by evaluating representative images from at least three independent experiments (n ϭ 3). Significance (p value) was assessed by one-way analysis of variance test. Asterisks were attributed for the following significance values: p Ͻ 0.05 (*), p Ͻ 0.01 (**), and p Ͻ 0.001 (***). 
